Payloads requiring insertion into high altitude orbits are delivered using the upper stages of chemical rockets (ex., Delta and Atlas classes) normally employing cryogenic propellants. During the transfer period between orbits, the upper stage may coast for several hours during which time the thermodynamic state of the propellants may vary due to solar heating. At the conclusion of the coast phase, and in preparation for orbital insertion of the payload, the propellants must be within a narrowly defined range of temperature and pressure for the engine to resume operation. Buoyancy-driven thermal stratification of the propellant is one of the critical mechanisms taking place during this coast phase. Traditional stratification models are based on velocity and temperature correlations developed for flow along smooth vertical walls. In contrast, actual propellant tanks may have a mass-reducing Isogrid internal surface over which the velocity and temperature profiles differ significantly from smooth-wall correlations.
I. Introduction
PREDICTION of the thermodynamic state of the cryogenic propellants in the upper stage of a launch vehicle is necessary for mission planning and successful execution. Solar heating during orbital transfers may thermally stratify the propellants prior to re-start of the engine. The thermodynamic state of the propellant may vary within the tank, and if the propellant drawn into the turbomachinery is outside a specified temperature and pressure bound the engine may not function. Therefore, it is critical to predict the propellant state at the conclusion of the coast period and a sufficiently detailed model of thermal stratification is essential 1, 13, 19 . The Mission Analysis Branch of the Launch Services Program (LSP) at NASA Kennedy Space Center has the responsibility to ensure that the thermodynamic state of cryogenic propellants remain within a specified temperature and pressure boundary prior to engine re-start at the conclusion of orbital coast phases. Many cryogenic propellant tanks utilize an Isogrid inner tank wall for mass reduction and structural support, however, the effects of the Isogrid on the propellant thermodynamics are not known. Items such as propellant stratification and time required to achieve solid body rotation during thermal conditioning roll can be directly influenced by surface conditions. Whereas the flow behavior over various types of geometric and random roughness patterns have been thoroughly examined, no 1 It is unknown how the Isogrid surface will impact thermal stratification of the propellants. Because of the rough surface the boundary layer will be very thick and turbulent (increasing the mixing) thus entraining more fluid. Because of the presence of the Isogrid there will be more heated area which will cause increased heating. Its known for free convective flows on flat plates that at the same conditions, a laminar flow will have a larger max velocity but smaller boundary layer thicknesses; while turbulent flow will have a thicker boundary layer but a smaller max velocity. Its unclear if this is the case with the Isogrid, that is wither or not the Isogrid induces larger boundary layers which are slow moving with a larger heated area (as compared to the flat wall). If so the Isogrid would cause slower stratification but at warmer temperatures as compared to the flat wall. American Institute of Aeronautics and Astronautics
II. Computational Setup
CFD studies were done using the commercial code Fluent and meshed using Gambit. Figure 5 is an overview of the boundary conditions used. The tank sidewall uses the wall boundary condition with either a prescribed heat flux or temperature. Both upper and lower walls are modeled as adiabatic and the center edge is the symmetry condition. The symmetry condition was used along the tank center to reduce computational resources.
Figure 5: Domain Boundary Conditions
Two base cases for the rough tank were created (see Figure 6 ). The first case featured Isogrid elements which were scaled to the real tank size; were the second case featured much larger and wider spaced elements. All geometry used structured rectangular mesh (See Figure 7) ; mesh density was larger in the vicinity of the wall as typically done. Grid sensitivity studies were done to determine the level of mesh required. It was found that the amount of mesh required scaled inversely with the gravity level. Previous free convection studies showed that a grid spacing of 0.2-2 mm was required for proper convergence [Error! Reference source not found.]; our study revealed similar conclusions (1.5 mm). It was also found that cell packing near the wall was important but no near the center of the tank; so mesh spacing was small at the wall and tapered out towards the tank center (apparent in Figure 7 ).
III. Results
Prior to any simulation involving rough tanks, an investigation was done to check if Raleigh number (Ra) scaling held inside the tanks. Traditionally Ra scaling assumes that the fluid is flowing over an infinitely long plate into an infinite expanse. To check wither or not Ra scaling still holds for a confined region, 5 smooth wall cases were chose. All cases have the same Ra number (4.52 x 10 4 ) but have different levels of gravity and heating (see Table 1 ). It was found that Ra scaling held extremely well at gravity levels below 10 -1 . Since were concerned only in this study with thermal stratification in microgravity, we can use Ra scaling in the tanks. Similarly, Ra scaling was checked between fluids (water and LH2) and after 1000 seconds, there was only 7% difference in the results (see Figure 9 ). American Institute of Aeronautics and Astronautics Temperature and velocity (y-velocity) profiles are taken at 9 evenly spaced vertical locations in each tank; the purpose is to compare to the smooth wall results. In addition, the profiles were integrated to find the mass and energy flow rate distributions up the tank wall in the boundary layer. In general, the maximum velocities increase with time as does mass flow rate. Isogrid velocities differ from smooth wall velocities; Isogrid max velocity maybe larger or smaller than that of smooth (depending on if in recirculation zone). In addition, boundary layer thickness maybe larger or smaller as well. However, Isogrid temperature profiles are always larger than smooth wall at all times (due to the increased heated area).
